Fibroblast growth factor 4 (Fgf4) has been implicated as a regulator of mesoderm formation, posteriorisation, neural induction and neural patterning. Much of the evidence for this derives from studies in which exogenous FGF4 is applied to avian embryos. We have therefore examined expression of endogenous Fgf4 mRNA in the developing chick embryo at stages when these processes are occurring. Expression was detected in the primitive streak from the onset of gastrulation. Notably, transient expression of transcripts was found in head process cells at the onset of neural plate formation and regionalisation. Later, mRNA was detected in the presumptive posterior hindbrain and within the ventral midbrain. Fgf4 mRNA was also found in paraxial mesoderm underlying the posterior hindbrain, somites, branchial arches, limb buds and the tail bud. q
Results
Members of the ®broblast growth factor (FGF) family of secreted signalling proteins have been identi®ed as regulators of an increasing number of developmental processes. Among this family, Fgf4 in mammals and avian embryos and its probable homologue, eFGF, in amphibians and ®sh have been implicated in early developmental processes. Targeted disruption of Fgf4 in transgenic mice has not proved to be particularly useful in identifying embryonic functions for this protein as the embryos die at implantation (Feldman et al., 1995) . However, studies using ectopic introduction of FGF4 in the chick embryo have indicated possible roles in mesoderm formation, anteroposterior (AP) patterning and as a potential inducer of neural tissue, whether acting directly or indirectly, from competent epiblast (Alvarez et al., 1998; Storey et al., 1998) . Fgf4 has also been ascribed a role in the establishment of avian midbrain identity and in speci®cation of midbrain dopaminergic and hindbrain serotinergic neurons (Ye et al., 1998; Shamim et al., 1999a ). Yet surprisingly, with the exception of the developing limb bud (Laufer et al., 1994; Niswander et al., 1994) , expression of Fgf4 in the early avian embryo has not been described. Here we report a detailed study of Fgf4 expression during early stages of chick development.
Consistent with roles in mesoderm induction and posteriorisation, low levels of Fgf4 expression were ®rst detected in the anterior primitive streak at Hamburger and Hamilton stage 3 (HH3; data not shown); no transcripts were seen at earlier stages (HH1 and 2; data not shown). By HH4 an apparently higher level of Fgf4 mRNA was seen in the central region of the primitive streak (Fig. 1A) , although lower levels of transcripts extended into the anterior streak and around Hensen's node (HH5; Fig. 1B) . Thereafter, asymmetric expression was observed on the right side of the node (Fig. 1C ,E,J,K) in a similar manner to Fgf-8 (H.S. and I.M. unpublished data). Transverse sections through the primitive streak of a HH6 embryo revealed transcripts in the ectoderm and mesoderm although transcripts in the anterior streak mesoderm extended further laterally than in the posterior (Fig. 1G,H) . Expression in the primitive streak persisted as development proceeded (Fig. 1K ,N and data not shown) and was subsequently observed in the tail bud (Fig. 1S) .
Notably, Fgf4 mRNA was detected transiently in the head process from the onset of its extension. It was ®rst detected in head process cells emerging from Hensen's node (Fig.  1B) and expression persisted as the head process condensed to form the anterior notochord (Fig. 1C,D) but was unde- tectable in the axial mesoderm by the two-somite stage (Fig.  1I ). By contrast, as Hensen's node regressed, Fgf4 was never detected in newly-formed posterior notochord (Fig.  1I±K,N) . Studies in a number of vertebrate systems have implicated vertical signals from anterior notochord in patterning overlying neural plate (Hemmati-Brivanlou and Harland, 1989; Hemmati-Brivanlou et al., 1990; Sharpe and Gurdon, 1990; Ang and Rossant, 1993; Ang et al., 1994; Cox and Hemmati-Brivanlou, 1995; Darnell and Schoenwolf, 1997; Pera and Kessel, 1997; Shamim et al., 1999a) . In addition, FGFs are implicated in the differentiation of midbrain dopaminergic and hindbrain serotonergic neurons (Ye et al., 1998) , generation of cranial neural crest (Muhr et al., 1997) and development of¯oorplate (Dale et al., 1997) . Fgf4 may be involved in these processes. From HH61, Fgf4 was also detected transiently in paraxial mesendoderm underlying the posterior of the prospective hindbrain, in a domain extending just anterior to, and including, the ®rst somite (Fig. 1I±L ) and weak hybridisation to transcripts in the overlying neurectoderm was also seen (Fig. 1M) . Subsequently, transcripts were only ever detected in the neural tube within the ventral midbrain (HH18; Fig. 1O ).
Fgf4 mRNA was detected in the endoderm of the developing branchial arches from HH122 (Fig. 1P) . Expression in the arches was maintained at later stages and transcripts became restricted to the superior endoderm of the posterior arches 2, 3 and 4 (34s; Fig. 1Q ). Transcripts in the distal part of fourth arch extended into a broader domain at this stage. Fgf4 mRNA was also detected in the developing somites (Fig. 1R,S ) and in the apical ectodermal ridge of the limb buds ( Fig. 1S ; Laufer et al., 1994; Niswander et al., 1994) . Expression in the somites was within the central region of the myotome (Fig. 1R ).
Several groups have described Fgf4 expression in the mouse embryo, although most of these studies were in situ hybridisation to tissue sections taken at selected developmental stages. A number of sites of Fgf4 expression are conserved between the mouse and chick embryo, including the primitive streak, paraxial mesoderm, branchial arches, somitic myotome and the AER (Niswander and Martin, 1992; Drucker and Goldfarb, 1993; Bueno et al., 1996) . While transcripts are detected in the embryonic ectoderm of mouse embryos (Niswander and Martin, 1992; Rappolee et al., 1994) , we do not detect expression prior to gastrulation in the avian embryo. Moreover, our study highlights a number of additional sites of expression in the avian embryo: asymmetric transcript distribution around the node, transient expression in the head process, expression within posterior hindbrain and its adjacent mesendoderm and within the ventral midbrain. These sites of expression are of particular interest given recent evidence that FGFs regulate aspects of neural induction and patterning of the developing brain (Muhr et al., 1997; Storey et al., 1998; Alvarez et al., 1998; Ye et al., 1998; Shamim et al., 1999a) .
Materials and methods
Embryos were staged according to Hamilton and Hamburger (Hamburger and Hamilton, 1951) and probes, in situ hybridisation and sectioning were as described by Shamim et al. (1999a,b) .
